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ICING TRAINING

Chilling Out
			 In The Sim

Loss of control due to airframe icing is still one of the biggest problems
in air transportation. Guest author, Dr. Nihad E. Daidzic suggests that
realistic flight simulation could be the best tool for comprehensive
pilot training of icing hazards.
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U

nlike thunderstorms, which
are visually apparent and
thus a relatively straightforward task to forecast and avoid,
icing can be a sneaky, silent killer.
A major challenge today is providing
realistic, in-depth icing-hazard training
for pilots. That includes not only better
theoretical education on icing and associated risks, but also realistic flight simulation to practice typical ice encounters,
counter-measures and control recoveries. As a result, a set of best practices for
icing avoidance and recoveries could be
defined and implemented worldwide.
According to FAA, ice is usually
reported by pilots as: trace, light, moderate or severe. This is a somewhat subjective classification as it is based on the
effect icing has on an aircraft and not
necessarily on the actual size and density distribution of supercooled droplets.
Severe icing conditions for a general
aviation light plane might be reported as
light icing conditions by a large jetliner.
No de-icing equipment is designed for, or
able to cope with, severe icing conditions
for any extended period. Indeed severe
icing implies that de-icing equipment
cannot handle the rate of ice accumulation and any prolonged exposure to it
would spell disaster.
There are about 2,000 known shapes/
forms of ice crystals. In aviation ice is
classified as rime, clear (glaze) and mixed
ice. Mixed ice consists of the mixture of
glaze, rime ice, entrapped air bubbles,
etc., and is particularly dangerous due
to rough surface and protruded shapes.
Rime ice consists of small, supercooled
droplets and occurs mostly at lower
temperatures (-20° to -40°C). Its rough
surface increases friction coefficient significantly, but rime ice is brittle and can
break easily, which is not necessarily a

Fig. 1: The effect ice accretion has on
airplane drag (or thrust required) due to
increase in parasitic drag only (left side).
Increased weight and decreased coefficientof-lift will result in even more inferior drag
curve with accompanied higher stalling
speed and slower maximum airspeeds (right
diagram).

good thing as that may result in asymmetric aerodynamic forces and loss of
control. Clear or glaze ice is created by
supercooled large droplets (SLD) in air
temperatures ranging from -10° to 0° and
is usually encountered in thunderstorms
or freezing rain (or drizzle) with incredible rates of accumulation.

Phenomena
Three primary adverse phenomena work
against a pilot in icing conditions. Two
of them lead to reduced performance
while the third, and the most dangerous,
could lead to loss of aircraft stability and
controllability.
The weight of ice sticking to the airframe increases the stalling speed by
the square root of the load increase and
compresses the flight envelope, leading to
reduced maneuverability margin. In most

cases, however, this effect alone can often
be neglected. Even an unbelievable 20%
weight increase, due to ice accretion, will
raise the stalling speed by “only” 10% which is not so critical, since the airplane
is usually lighter during cruise, approach,
and landing. In addition, increased weight
will also require a higher thrust setting for
the same airspeed.
Ice accretion on airfoil surfaces, airframe and other parts of the airplane will
lead to increased parasitic drag. Normally ice is more or less porous, which
will increase the surface friction coefficient directly and affect the boundary layer development and thicknesses,
thus affecting the form drag too. The
increased wall shear stress will destroy
the low-drag advantage of advanced
laminar and supercritical airfoils. This in
turn reduces the airplane’s speed at the
constant thrust setting (Fig 1).
In effect the increased low-speed
buffet airspeed and decreased maximum
airspeed narrows the flight envelope,
bringing an airplane closer to an “edge of
the envelope” and creating yet another
“coffin-corner”, where the margin
between stalling speed and maximum
flying speed becomes ever smaller. For
example, a 20% increase in parasitic drag
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coefficient results in about 9% decrease
in cruising airspeed for the same thrust
setting – about 20-30kn for a typical turboprop aircraft.
Ice accretion, however, can create
much more parasitic drag than that. A
not impossible 40% increase in parasitic
coefficient of drag due to ice would result
in something like a 20% decrease in
cruise airspeed for the same thrust. Now
that is really significant.
Simultaneously, ice can also negatively affect the thrust generating engine
and/or propulsive efficiency, leading to
even slower cruise airspeeds. The longer
an airplane stays in icing conditions
and the higher the liquid water content
(LWC) of the atmosphere, the faster the
ice will accumulate and the less time a
pilot has for action.

Fig. 2: The effect ice accretion has on the
coefficient of lift and stalling angle-of-attack
for a typical airfoil. Also sketched is an airfoil
with leading-edge ice horns and runback ice
(slightly exaggerated for better visual effects).

Performance
Unfortunately it is not only the airplane’s
performance that suffers, aircraft stability
and control endure as well. The most dangerous side of airplane icing is that exotic
ice accretion on the leading edges of a
wing (ice-horns) and/or ridges built some
distance away from the leading edge
on the upper (suction) airfoil surfaces,
will cause premature boundary-layer
separation and often uncommanded roll
accompanied by aerodynamic stall. This
all would occur at lower angles-of-attack
and higher airspeeds compared to clean
wing (Fig. 2).
In fact, leading-edge horns of ice can
significantly reduce the wing’s maximum coefficient of lift causing a 20% or
more increase in stalling airspeed.
The “runback” ice that often forms
from SLDs, which are water droplets in a
thermodynamically meta-stable state that
will freeze upon contact with the solid
surface, will “creep” back from the wing’s
leading edge and form streaks of frozen
ice, ridges, and “feathers” somewhere
within the first quarter of the wing chord.
That is exactly at the locations responsible for generation of most of the lift force.
Also runback ice could cause abrupt
boundary-layer separation, local changes
in flow patterns, the formation of recirculation “bubble”, and turbulent wakes at
the place where the ailerons (or flaps) are
normally located. This will cause flow disruption and result in unwanted roll upset.
As we know from basic fixed-wing
aerodynamics, stalling speed has to
increase to offset the reduction of the
10
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maximum lift coefficient, leaving a
severely restricted flight envelope for a
pilot to deal with. In addition, maximum
coefficient of lift achieved at lower stalling angles of attack will decrease and
will often result in a steep decline of lift
characteristics in a post-stall region,
increasing the chance of unrecoverable
spin entry once stall occurs.
The conditions under which most
transport category airplanes are certified are explained using, for example,
FAR 91.527, FAR 135.227, and FAR 25
Appendix C. Droplets of median volume
diameter (MVD) 40µm (micrometers one micrometer is one-thousandth of
a millimeter) are used for certification
in quasi-continuous (17.4nm horizontal distance) icing conditions, while for
intermittent maximum icing (2.6nm
horizontal extent), droplets of up to 50µm
are allowed. Everything above that is
regarded as SLD and the certification
does not deal with it.
However, SLDs (drizzle or rain) can
be as large as 500µm and even bigger (up
to 3-4mm). For comparison, typical cloud
droplets are 10-20µm diameter. Accordingly, single representative SLD will have a
diameter 50 times larger. Interestingly the
amount (volume) of liquid, i.e., ice, that will
freeze on the airframe, from one such SLD
will be equivalent to 125,000 tiny cloud
droplets. Accordingly one typical SLD
(500µm) will be equivalent to about 1,000
largest supercooled droplets allowed in
FAR 25 icing certification (50µm).
To make matters worse, there is

something called “tail-plane icing” in
which the tail elevator/stabilizer accumulates ice, loses ability to keep the
airplane level, and the nose drops down,
often following a sudden forward yoke/
stick pulse. This usually happens at
slower airspeeds, in approach configurations (when flaps are extended), all when
the horizontal stabilizer has to deliver
more downward force. In airplanes without hydraulically boosted controls, due
to developed wake on the lower suction
surface of the horizontal stabilizer, the
elevator could snatch downward, pushing the airplane’s nose over. This is also
the regime where the center of pressure
on the main wing moves downstream
and away from the airplane’s centre of
gravity, thus increasing the main wing
destabilizing pitching moment. Any tailplane stall would thus result in a sudden downward jerk. If not handled adequately the airplane could easily end up
in a vertical nose-down attitude.

Experiments
Researchers at NASA Glenn Research
Center (GRC) performed extensive flight
experiments using their own Canadian-built De Havilland DHC-6 “Twin
Otter” modified for icing flight research.
According to NASA GRC, the only way
to recover from tail-plane ice is to immediately pull back on the stick, which is
completely opposite to how one would
recover from main wing stall. The author
doubts that such recovery maneuver
would always be successful for every airplane type.
But, regardless, how is the pilot to
know that nose drop was caused by tailplane ice and not by a more familiar aerodynamic stall requiring forward yoke/
stick push? This is a similar catch-22 scenario to a high-altitude jet flying on the

edge of its aerodynamic ceiling, where
the merging low-speed buffet (aerodynamic stall) and high-speed buffet (transonic Mach effects) create dreaded “coffin corner”, where you are damned if you
pull and damned if you push.
The difference between the mainwing ice and the tail-plane ice is very subtle, and the best way to learn the difference would be to conduct quality training
in a flight simulator using accurate icing
flight models. Realistic flight simulation
could be the best tool for comprehensive
pilot training of icing hazards.

Task
Designing realistic icing flight models for
a particular aircraft type, however, is not
easy. Simulation of nonlinear unsteady
aerodynamics, post-stall large angles of
attack and/or sideslips is compounded
by many uncertainties as to the accuracy
of the results. Adding ice effects further
complicates matters.
Extensive wind tunnel tests on
scaled aircraft models have to be performed followed by time-consuming and
expensive computational fluid dynamics
(CFD) analysis. An icing wind tunnel at
NASA GRC (and others worldwide) has
been used to measure accumulated ice
shapes on various airfoils at different
icing conditions. Models of ice shapes
have been designed based on wind tunnel and flight test research, and then
used for experimental and computational
simulation. Such ice-mimicking shapes
(made of different materials) have then
been attached at various locations on
the wing and/or tail airfoils simulating
ice-horns and/or runback ice to measure
aerodynamic properties.
NASA GRC and other academic and
research institutions worldwide, are work-

ing diligently on aircraft icing problems.
Many powerful computer programs,
based on Large-eddy or Reynolds-Averaged Navier-Stokes (RANS) CFDs to simulate turbulent flow around growing or
already formed ice obstacles, were developed to predict flow on different parts of
ice-laden airframes. However, such computational and experimental analysis does
not run in real time and cannot be used
for flight simulation directly. Rather, the
measured changes in aerodynamic forces
and moments are recorded, analyzed, and
used to augment existing dynamic models of clean airframes.
The derived six-DOF aircraft dynamics incorporating icing dynamics, with
associated coefficients of lift, drag, pitching moment and other important integral aerodynamic parameters at various
angles of attack and/or sideslip, could
be employed in existing and future FFS
and AATD flight models. NASA GRC
has already designed an icing simulator,
which essentially has the built-in icing
model based on the DHC-6 flight model.
In addition to these efforts, progress
has been achieved in ice detection and
protection using Kalman-filtering and
neural networks. Nevertheless, none of
these activities alone will provide 100%
safety from icing danger. New technologies will reduce the risk of icing accident,
but never eliminate them.
In the end, faced with the icing hazard, basic airmanship, and competent,
educated crews are the best insurance
against accident.
Loss of control (LOC) caused by ice
accretion is an order of magnitude more
difficult to predict and recover from than
LOC of clean wing alone. Ice comes in
so many shapes and forms and it accumulates on different parts of an airplane

at different rates, which affects stability,
maneuverability and controllability in so
many, often unpredictable, ways.
Realistic flight simulation, however,
will expose pilots to icing LOC that they
never thought possible and educate them
in how best to avoid potential disaster.
A pilot who experiences degrading performance, control, and stability, and then
recovers control of an ice-laden aircraft
in flight simulation will develop more
respect and competency towards icing
hazards. So typical in most actual icing
accidents are bewildered crews being
surprised by a sudden loss of control.
We owe it to our flying public to show
the highest level of competence, skill and
professionalism.
When faced with icing danger it is
important not to wait until that ofteninvisible point of no return is passed. In
order not to become a “test pilot” during
a scheduled flight, training in flight simulators featuring realistic icing effects is
the best countermeasure. Actual flight
tests in icing conditions are better left
to wind-tunnel experiments and professional flight research crews operating
specially equipped airplanes in very controlled conditions. cat
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